Neurons are terminally differentiated cells and neurotrophic factors, e.g., nerve growth factor (NGF), 1) brain-derived neurotrophic factor (BDNF), 2) neurotrophin 3 (NT-3), 3) and glia-derived neurotrophic factor (GDNF), 4) play key roles in the organization of neurons and their functional maintenance. Among various neurotrophic factors, NGF has been extensively investigated and found to exhibit pleiotrophic effects, such as induction of neural cell survival, neuronal differentiation, and prevention of apoptosis of neurons, in both central and peripheral nervous systems. 1) Rat pheochromocytoma (PC-12) cells have been used as an in vitro model system to study the mechanisms of neuronal differentiation. In PC-12 cells, NGF induces their differentiation, leading to the extension of neurites and the development of sympathetic neurons.
and glia-derived neurotrophic factor (GDNF), 4) play key roles in the organization of neurons and their functional maintenance. Among various neurotrophic factors, NGF has been extensively investigated and found to exhibit pleiotrophic effects, such as induction of neural cell survival, neuronal differentiation, and prevention of apoptosis of neurons, in both central and peripheral nervous systems. 1) Rat pheochromocytoma (PC-12) cells have been used as an in vitro model system to study the mechanisms of neuronal differentiation. In PC-12 cells, NGF induces their differentiation, leading to the extension of neurites and the development of sympathetic neurons. 5) Lactacystin, a metabolite of Streptomyces sp., which inhibits a chymotrypsin-like activity of the proteasome, was originally isolated as a compound inducing neurite outgrowth in PC-12 cells, 6, 7) and its neurotrophic activity was found to be due to its proteasome inhibitory activity. 8) In the course of our search for new neurotrophic substances from natural sources, we succeeded in isolating and structurally elucidating neurotrophic compounds from the mushroom Tricholoma sp., 9) a marine-derived fungus Aspergillus sp., 10) and the sea hare Aplysia kurodai. 11) Recently, we found that the extract of Anemarrhena asphodeloides showed neurotrophic activity, and the bioassay-monitored isolation afforded four known compounds 1-4. We also tested their proteasome inhibitory activities and found that 2-4 inhibited a chymotrypsin-like activity of the proteasome. Here we report the isolation, identification, and biological activities of 1-4 isolated from A. asphodeloides.
MATERIALS AND METHODS

General
Procedures NMR spectra were recorded on a JEOL GSX500 NMR spectrometer in CD 3 OD or CD 3 COCD 3 . Chemical shifts were referenced to the residual solvent peaks (d H 3.3 or 2.0). Mass spectra were measured on a JEOL SX-102 mass spectrometer. The fluorescence intensity (excitation, 360 nm; emission, 460 nm) was measured using a BIO-RAD VersaFluor Fluorometer.
Plant Materials
The rhizomes of A. asphodeloides were purchased from Tochimoto Co., Ltd. (Osaka, Japan). A voucher specimen is deposited in the Laboratory of Pharmacognosy and Chemistry of Natural Products, Graduate School of Natural Science and Technology, Kanazawa University, Japan.
Isolation of Compounds 1-4
The rhizomes (1.0 kg) of A. asphodeloides were extracted with methanol (MeOH) (3 lϫ3) at room temperature. The extract was evaporated in vacuo, and a part (200 g) of the residue (500 g) was partitioned between ethyl acetate (EtOAc) and water (H 2 O). The EtOAc soluble fraction (5.0 g) was subjected to column chromatography on silica gel with n-hexane/EtOAc followed by ODS column chromatography with MeOH/H 2 O and HPLC on silica gel or ODS to afford 1 (20.3 12, 17) (Fig. 1) . Neurite Outgrowth Assay Neurite outgrowth assay was carried out using PC-12 cells. PC-12 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 5% horse serum, penicillin (50 units/ ml), and streptomycin (50 mg/ml) in an incubator under 5% CO 2 at 37°C. PC-12 cells were seeded onto 24-well plates (1ϫ10 5 cells/ml) and cultivated for a day. The medium was replaced with that containing 1-4 or 50 ng/ml NGF (a positive control), and PC-12 cells were further cultivated for 2 d and observed under a phase-contrast microscope. The percentage of the cells with neurites was determined by counting 300 cells.
Preparation of Proteasome-Enriched Fraction Proteasome used in this study was partially purified from rat liver. The liver was dissected and homogenized in ice-cold lysis buffer consisting of 20 mM HEPES, pH 7.5, 5 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol, 2 mM ATP, and 10% glycerol at 4°C for 5 min. The extract was filtered through cheese cloth, and the filtrate was immediately centrifuged at 10000 rpm for 5 min. The supernatant was centrifuged at 105000 ϫg for 20 min, and the resultant supernatant was fur-ther centrifuged at 300000ϫg for 2 h. The precipitates thus obtained were suspended in lysis buffer containing 50% glycerol and used as the crude proteasome-enriched preparation.
Assay for Proteasome Activity The fluorogenic substrate succinyl-Leu-Leu-Val-Tyr-4-methylcoumaryl-7-amide (MCA) (Peptide Institute, Inc., Osaka) was used as a substrate for chymotrypsin-like activity of the proteasome. The proteasome-enriched fraction in a mixture (0.1 ml) that contained 50 mM Tris-HCl, pH 7.8, 1 mM dithiothreitol, and 5 mM EDTA was pre-incubated with each inhibitor at 30°C for 10 min. Then, 0.05 mM substrate was added to the mixture and the mixture was further incubated at 30°C for 1 h. The reaction was stopped by adding 0.1 ml of 10% SDS and the fluorescence intensity owing to 7-amino-4-methylcoumarin (AMC) was measured (excitation, 360 nm; emission, 460 nm). The value of IC 50 , the concentration required for 50% inhibition of proteasome inhibitory activity, was calculated from the data of duplicate measurements.
RESULTS AND DISCUSSION
The rhizomes of A. asphodeloides were extracted with MeOH. The EtOAc soluble fraction of the extract was subjected to column chromatography on silica gel followed by ODS column chromatography and HPLC on silica gel or ODS to afford four compounds, 2,6,4Ј-trihydroxy-4-methoxybenzophenone (1), 12, 13) 7-hydroxy-3-(4-hydroxybenzyl)-chroman (2), 14, 15) broussonin B (3), 16) and cis-hinokiresinol (4) 12, 17) (Fig. 1) . The structures were identified by comparison of their 1 H-and 13 C-NMR and MS data with the reported values. [12] [13] [14] [15] [16] [17] Neurite outgrowth activity was tested in PC-12 cells by 2-d treatment with compounds isolated from A. asphodeloides. Among the four compounds, 1-3 induced neurite outgrowth in PC-12 cells at the concentrations of 50 mg/ml, and 4 was less active ( Table 1 ). The effects of 1-3 at 50 mg/ml are comparable to that of NGF at 50 ng/ml. Since lactacystin, which was originally isolated as a neurite outgrowth-inducing compound in PC-12 cells, inhibits chymotrypsin-like activity of the proteasome, [6] [7] [8] we tested the proteasome inhibitory activities of 1-4 and found that 2-4 showed inhibitory activities against chymotrypsin-like activity of the proteasome, while 1 was a poor inhibitor ( Table 2) . Although 1, a poor proteasome inhibitor, has neurotrophic activity and 4, a poor neurite outgrowth-inducer, has proteasome inhibotry activity, it should be noted that 2 and 3 have two substantial activities as a proteasome inhibitor and a neurite outgrowth-inducer as does lactacystin.
8) The detailed mechanisms of neuronal differentiation induced by the latter proteasome inhibitor lactacystin remains unclear. Anemarrhenae Rhizoma has been prescribed as antipyretic, sedative, and diuretic in Chinese medicine, and a variety of biological activities have been so far reported for the compounds isolated from A. asphodeloides, e.g., antifungal activity of 3, testosterone 5a-reductase inhibitory 13) and angiogenic response inhibitory 17) activities of 4, hemolytic activity of timosaponins, 18) and effects of timosaponins on superoxide ion generation in human neutrophils 19, 20) and on platelet aggregation in human blood. 20) To our knowledge, this is the first report on the compounds, isolated from A. asphodeloides, possessing both neurotrophic and proteasome-inhibitory. 
